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Cambridge, Massachusetts 02139 highly expressed in apoptotic adenovirus early region
1A (E1A)-expressing MEFs compared to arresting MEFs
(Figure 2A; [2]). To determine if Perp mediates the apo-
Summary ptotic effect of p53 in this cell type, we retrovirally trans-
duced E1A into wild-type, Perp/, and p53/ MEFs and
The induction of apoptosis by the p53 protein is critical treated them with the DNA-damaging agent doxorubi-
for its activity as a tumor suppressor [1]. Although it cin. We examined apoptosis after 12 and 24 hr of doxo-
is clear that p53 induces apoptosis at least in part by rubicin treatment by using an Annexin V/PI FACS-based
direct transcriptional activation of target genes, the assay (Figure 2B; see also Figure S1 in the Supplemental
set of p53 target genes that mediate p53 function in Data available with this article online). Although E1A-
apoptosis in vivo remains to be well defined. The Perp wild-type MEFs underwent apoptosis, E1A-p53/
(p53 apoptosis effector related to PMP-22) gene is MEFs were largely resistant to apoptosis, consistent
highly expressed in cells undergoing p53-dependent with previous reports that this response is p53-depen-
apoptosis as compared to cells undergoing p53- dent [5]. Upon analyzing two different E1A-expressing,
dependent G1 arrest [2]. Perp is a direct p53 target, Perp/ MEF lines, we found that the cell death profile
and its overexpression is sufficient to induce cell death in both was indistinguishable from that of E1A-wild-type
in fibroblasts, implicating it as an important compo- cells, indicating that Perp is not essential for apoptosis
nent of p53 apoptotic function. Here, through the gen- in E1A-expressing MEFs.
eration of Perp-deficient mice, we analyze the role of
Perp in the p53 apoptosis pathway in multiple primary
Perp Contributes to Radiation-Inducedcell types by comparing the cell death responses of
Apoptosis in ThymocytesPerp null cells to those of wild-type and p53 null cells.
To determine if Perp plays a role in apoptosis in otherThese experiments demonstrate the involvement of
cell types, we utilized CD4CD8 thymocytes, whichPerp in p53-mediated cell death in thymocytes and
undergo a well-characterized p53-dependent apoptoticneurons but not in E1A-expressing MEFs, indicating
response [6]. Perp message is induced in wild-type buta cell type-specific role for Perp in the p53 cell death
not p53/ thymus after -irradiation (Figure 3A). Thymo-pathway. In addition, we show that Perp is not required
cytes from wild-type, Perp/, and p53/ mice werefor proliferation-associated functions of p53. Thus,
treated with varying doses of -radiation, and apoptosisPerp selectively mediates the p53 apoptotic response,
was examined 18 hr later. We measured the DNA frag-and the requirement for Perp is dictated by cellular
mentation typical of apoptosis by using a FACS-basedcontext.
TUNEL assay (Figures 3B and S2). The percentage of
viable cells in Perp null thymocytes at 1 Gy (83%) was
Results and Discussion intermediate between that seen in wild-type and p53
null cells (69% and 100%, respectively). This difference
Generation of Perp-Deficient Mice was apparent after treatment with either a 5 Gy or a 1
To study the function of Perp in p53-mediated apopto- Gy dose of radiation but was more pronounced at the
sis, we generated Perp-deficient mice. We deleted Perp lower dose. Because the percentages of CD4/CD8 dou-
exons 2 and 3, which encode more than half of the ble-positive thymocytes isolated from each sample were
protein, through Cre introduction into conditionally tar- similar (79%–84%), the partial resistance to apoptosis
geted ES cell lines (Figures 1A and 1B). The  exon 2–3 seen in Perp null samples is due to a genuine defect in
allele is a null, as evidenced by the complete absence apoptosis in these cells rather than a skewing of the
of either full-length or truncated Perp message in DNA- cell population that is susceptible to apoptosis. We also
damaging-agent-treated homozygous knockout ES treated thymocytes of each genotype with PMA and
cells (Figure 1C). Additional phenotypic analysis of the ionomycin [6], which are known to induce p53-indepen-
Perp-deficient mice will be described elsewhere (R.A.I. dent cell death in thymocytes (Figure 3C). We observed
no difference in apoptosis between any of the geno-
types, confirming that the defect in Perp/ thymocytes*Correspondence: attardi@stanford.edu
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Figure 1. Generation of the Perp Knockout
Mouse Strain
(A) Schematic of the strategy used to target
the Perp locus. The Perp-targeting vector
contains a positive selection marker (puro-
mycin resistance, indicated by PGK-puro),
flanked by loxP sites, and a negative selection
marker (diptheria toxin or DTA). Hatched
boxes represent exons of Perp, and triangles
represent loxP sites. ES cells bearing the tar-
geted 3-lox Perp allele were generated.
Through Cre introduction into these cells in
vitro, ES cells with a putative Perp null allele
were generated. These events were detected
by Southern blot analysis using PmeI/XhoI
double digests and by subsequent probing
with a 5 PmeI-SphI fragment external to the
targeting vector. This leads to generation of
fragments of different sizes in all cases, as
shown.
(B) Southern blot showing targeted ES cells.
Perp-27 and -26 are ES cell clones bearing
targeted 3-lox alleles. Perp-26 ES cells were
transfected with Cre to obtain heterozygous
cells with one putative null allele (Perp-26),
and these were used to generate mice. Perp-
26RT cells (RT, retargeted) were derived
from the Perp-26 heterozygous knockout
cells after retargeting with the Perp targeting
vector. Perp-26/ is a Perp null ES cell line
generated by the introduction of Cre into
Perp-26RT cells. The 12.4 kb band repre-
sents the wild-type allele, the 7.2 kb band represents the null allele, and the 5.7 kb band represents the 3-lox allele.
(C) Northern blot illustrating Perp nullizygosity. Wild-type and Perp heterozygous ES cells show robust levels of Perp message upon UV
treatment, whereas UV-treated homozygous mutant ES cells fail to show the presence of any Perp message. A probe corresponding to the
full-length cDNA for Perp was used. GAPDH serves as a loading control.
is specific to the p53 apoptotic pathway. Thus, in con- component of the p53-dependent neuronal apoptotic
response to DNA damage (Figures 4B and 4D).trast to E1A-MEFs, Perp contributes to the p53 apo-
ptotic response in thymocytes. To determine if Perp plays a similar role in neuronal
apoptosis triggered by inappropriate proliferation, we
examined the impact of Perp deletion on apoptosis in
Perp Is Important for Apoptosis
the CNS of Retinoblastoma (Rb)-deficient embryos. In
in the Central Nervous System
this system, Rb deficiency leads to inappropriate
To further define the role of Perp in p53-mediated apop-
S-phase entry and high levels of p53-dependent apopto-
tosis, we examined another well-studied system in
sis in the SVZ of the developing brain [9]. Apoptosis was
which cell death is p53-dependent after DNA damage:
reduced by 50% in Rb/, Perp/ brains (82 apoptotic
the developing CNS. Neurons of the subventricular zone
cells/field) relative to Rb/ brains (169 apoptotic cells/
(SVZ) of the brain of day 13.5-15.5 embryos [7] undergo
field), indicating a role for Perp in this neuronal apoptotic
p53-dependent apoptosis after exposure to -irradia-
response (Figures 4C and 4D). Wild-type and Perp/
tion. Perp mRNA is undetectable in untreated, wild-type
brains showed little or no apoptosis, confirming that the
E14.5 embryonic brain but is significantly induced by
difference seen in apoptosis is only present in the Rb/
-irradiation in a p53-dependent manner (Figure 4A) [8].
background. Together, the results observed in these
To test the functional role of Perp in apoptosis in the
two CNS model systems indicate a central role for Perp
embryonic brain, multiple E13.5 Perp/ embryos and
in p53-induced neuronal apoptosis.
wild-type littermates, as well as p53/ embryos, were
treated with 4 Gy irradiation and recovered 18 hr later.
Sections from embryos of each genotype were assessed Perp Is Not Required for the Growth
Control-Related Functions of p53for apoptosis in the SVZ adjacent to the fourth ventricle
of the CNS by TUNEL staining. As previously demon- In addition to activating apoptosis, p53 has known roles
in various aspects of growth regulation, including thestrated, -irradiation triggered high levels of apoptosis
in wild-type brains (an average of 167 apoptotic cells/ G1 arrest response to DNA damage, senescence, the
regulation of proliferation, and the inhibition of transfor-field), whereas p53/ brains were largely resistant (50
apoptotic cells/field) (Figures 4B and 4D). Perp/ brains mation [10]. Although our results clearly indicate an im-
portant role for Perp in p53-mediated apoptosis, it isexhibited levels of apoptosis that were intermediate (114
apoptotic cells/field) between those of wild-type and conceivable that Perp is also involved in the prolifera-
tion-associated activities of p53. Using assays pre-p53/ embryos, indicating that Perp is an important
The Role of Perp in p53-Dependent Apoptosis
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Figure 2. The Role of Perp in p53-Dependent
Apoptosis in E1A-MEFs
(A) Northern blot showing upregulation of
Perp in apoptotic cells. Doxorubicin-treated
wild-type (arresting), E1A-wild-type (apo-
ptotic), and E1A-p53 null MEFs are shown.
GAPDH serves as a loading control.
(B) Apoptosis in E1A-expressing MEFs of dif-
ferent genotypes. The percentages of viable,
annexin-negative cells after either 12 or 24 hr
of doxorubicin treatment are indicated. Each
graph represents the average and standard
deviation of three experiments.
viously employed to define various aspects of growth- cating that Perp does not mediate p53 functions related
to regulating proliferation in MEFs.deregulation in p53/ MEFs grown in culture, we tested
whether Perp/ MEFs have similar phenotypes. We
found that in G1 arrest, immortalization, proliferation, Conclusions
Taken together, our results show that Perp is an impor-and transformation assays, Perp/ MEFs have proper-
ties similar to those of wild-type MEFs (Figure S3), indi- tant mediator of p53-dependent apoptosis, rather than
Figure 3. Apoptosis in Irradiated Thymocytes
(A) Northern blot showing expression levels of Perp in wild-type and p53 null thymi before and after three doses of irradiation, with GAPDH
as a loading control.
(B) Quantitation of TUNEL staining of thymocytes 18 hr after 1 or 5 Gy irradiation. The percentages of TUNEL-negative cells (normalized to
matched untreated samples) for each genotype are shown. Each graph represents the average and standard error of the mean (SEM) of three
experiments.
(C) Apoptosis levels measured by PI staining of thymocytes treated with PMA/Ionomycin. The percentages of PI-negative cells (normalized
to matched untreated samples) for each genotype are shown.
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Figure 4. Apoptosis in the Embryonic CNS
(A) Northern blot showing Perp message after irradiation of the E13.5 embryonic brain. Samples from wild-type and p53/ embryonic brains,
either untreated or collected 5 or 18 hr after 4 Gy irradiation, are shown. Irradiated Perp/ brain is shown as a negative control, and GAPDH
is shown as a loading control.
(B) Quantitation of TUNEL staining in the fourth ventricle of wild-type, Perp/, and p53/ embryonic brains after 4 Gy irradiation. The average
number of apoptotic cells per 20 field of the fourth ventricle is shown  SEM. A total of nine wild-type, six Perp/, and three p53/ embryos
were used (3–5 sections per embryo).
(C) Quantitation of TUNEL staining in the fourth ventricle of Rb-deficient and Rb/;Perp/ double mutant brains. Each sample measures the
average number of apoptotic cells/40 field  SEM. A total of 11 wild-type, nine Perp/, 14 Rb/, and 16 Rb/;Perp/ embryos were used
(1–4 sections per embryo).
(D) Representative images (400) showing TUNEL staining of the fourth ventricle. Both irradiated wild-type, Perp/, and p53/ embryos as
well as unirradiated wild-type, Perp/, Rb/, and Rb /;Perp/ embryos are shown. Apoptotic cells appear as dark-brown nuclei.
of proliferation-associated activities of p53, and that its sis is p53-dependent [6, 11], no known p53 target gene
has previously been shown to be required in this context.contribution to cell death is dependent on cell context. In
thymocytes and developing neurons in the CNS, Perp/ Thymocytes lacking bax [12] or Fas [13] show normal
levels of apoptosis after irradiation, demonstrating thatcells exhibited a partial defect in apoptosis, which was
intermediate between that of wild-type and p53/ cells, these genes are dispensable for p53-dependent apopto-
sis in this cell type. Thus, the partial role for Perp in thisafter treatment with ionizing radiation, indicating that
Perp plays a role in apoptosis in these cellular compart- process makes it distinct among the p53 target genes
previously examined and suggests that other as-yet-ments. In contrast, Perp was dispensable for cell death
in E1A-expressing MEFs. The partial apoptotic defect unidentified target genes are also essential in this
context.we observed in the knockout neurons and thymocytes
implies that Perp is one of multiple effectors required In the CNS, Bax has also been shown to play a partial
role in radiation-induced p53-dependent apoptosis inin these cells, analogous to the partial role of the p53
target gene bax in some cell types. The fact that the some cell types, such as in cerebellar external granule
layer neurons [14]. However, the incomplete require-requirement for Perp in apoptosis depends on cellular
context highlights the complexity of the p53 response ment for Bax suggests that at least one other effector
must also play a major role. In neurons of the subventri-and the need to examine the relevance of specific p53
target genes in multiple cell types. cular zone of E13.5 embryos, we find that Perp/ em-
bryos display a dramatic defect in apoptosis after treat-In thymocytes, although  irradiation-induced apopto-
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ment with ionizing radiation. These results, coupled with death machinery, but PMP-22 is thought to stimulate
apoptosis through interaction with the P2X(7) cationthe observation that irradiated bax/ embryos display
low levels of apoptosis in the SVZ (R.A.I and L.D.A., channel at the plasma membrane [17]. Perp also local-
izes to the plasma membrane and may act through aunpublished data), suggest that Perp and bax are major
target genes required for apoptosis in the developing similar mechanism. At this point, it is unclear how cell
context and events at the plasma membrane may con-brain in response to stress and that Perp may act in
concert with Bax. In addition, we demonstrate a require- tribute to p53-dependent tumor suppression, but future
studies on Perp’s function in apoptosis will contributement for Perp in p53-dependent apoptosis in the hyper-
proliferative neurons of Rb-deficient embryonic brain. to this understanding.
Thus, Perp may play a major role in p53-dependent
Supplemental Dataapoptosis following multiple stimuli in neurons. Under-
Supplemental Experimental Procedures are available with this arti-standing the function of Perp in p53-mediated apoptosis
cle online at http://www.current-biology.com/cgi/content/full/13/in the nervous system may have significance for the
22/1985/DC1/.
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